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NATIONAL AERONAUTICS AND SPACE ADMINISTRATTION

TECHNICAL NOTE D-1732

POSSIBLE EFFECTS OF NONUNIFORM FLOWS ON PERFORMANCE
OF ELECTROTHERMAL THRUSTORS

By John R. Jack and John W. Schaefer

SUMMARY /G 7Y

The effects of a nonuniform enthalpy profile on the performance of an elec-
trothermal thrust generator have been evaluated analytically. Performance char-
acteristics are presented for uniform specific impulses ranging from 1000 to
2000 seconds, pressures of 0.0l to 100 atmospheres, and englne wall temperatures
of 500° and 3000° K.

The nconuniform profile changes the uniform specific impulse by 10 percent
at most (except for simulated starting conditions), and the change can either be
helpful or detrimental depending upon the specific operating conditions. In
general, an increase in the engine wall temperature causes the specific impulse
to approach the uniform flow wvalue.

A very special nonuniform profile was also considered, one that may rep-
resent the startup of a cold engine. The magnitude of its effect on englne per-
formance may be quite large, the variance depending on the operating conditions.

INTRODUCTTION

The usual performance analysis of an electrothermal engine is based on the
assumption that the flow process is adiabatic and one-dimensional; however, in
an effort to improve engine prerformance, plenum chambers have been eliminated
(to reduce the total convective heat load), a swirling propellant flow has been
utilized (to stabilize the arc and promote better mixing of the flow), and dif-
ferent arc geometries have been used (e.g., magnetically rotated arecs and con-
stricted arcs). The net result of these changes and of the heat loss to the
nozzle walls is a nozzle flow that is neither adiabatic nor one-dimensional, but
usually has associated with it a severe enthalpy profile. This enthalpy profile
cshould have some effect on the performance of an electrothermal engine.

With the admission of an enthalpy profile, certain characteristics of it
may be discussed. TFor example, the core enthalpy, vhich 1s generally uniform
(ref. 1), must be high enough to yield the required engine specific impulse,
vhereas the value of the enthalpy at the nozzle wall can never be higher than
that dictated by the maximum permissible nozzle-wall temperature. Thus, the
propellant Tlowing in the jet core is characterized by very high stagnation en-



thalpies, while the flow surrounding the core is determined primarily by the
nozzle cocling employed; it is guite low for liquid cooling and is moderate for
radiation coocling.

If the Tlow in these thrust devices is almost frozen, the qualitative
effect of the profile may be determined from the variation of frozen-flow spe-
cific impulse with ctagnation enthalpy (ref. 2). In terms of the stagnation en-
thalpy profile, the propellant that passes through the jet core has associated
iith it a very high enthelpy corresponding to a specific impulse that may be as
high as ceveral thousand seconds. On the other hand, the flow surrounding the
jot core has & low enthalpy, corresponding to a frozen-flow specific impulse of
several hundrod seconds. The problem, then, is to determine the effective spe-

cific impulse.

The effects of a nonuniform flow are discussed in references o and 4. The
analysis of refercnce 3, however, is primarily qualitative while reference ¢
considers only the effect of the boundary layer. The purpose of this paper is
to present a more quantitative discussion of the cffects of a nonuniform flow on
the performance of electrothermal engines.

ANALYSIS

I the elfects of a nonuniform flow on frozen-flow engine performance are
to be estimated, a model must be established for the enthalpy profile. As noted
in the INTRODUCTION, the profile is characterized by a high core entialpy lp,
which ie generally uniform, and a wall enthalpy H, dictated by the engine cool-
ing cystem (see sketch (a)).
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(A1l symbols are defined in the appendix.) Enthalpy profiles very similar to
that in sketch (a), with almost linear variations from H, to Hp, were ob-
served in the investigation of reference 1. For simplicity of analysis, the
profile considered herein (sketch (b)) consists of a uniform core at a value of
H- and an annular region at a uniform average value of Hll
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The value of Hy dis defined as
Ho + Hy
Hy = =t (1)

With cuch a profile, the power in the propellant must be divided in the follow-
ing fashion:

= -+ = . + ._T 2
Pgas Pl P2 WlHl VEHZ (2)

The propellant flow rate must be given by
i i ()

Since the flow is assumed frozen and is divided into two reglons, each hav-
ing a different stagnation enthalpy, each reglion must have assoclated with it a
certain amount of power that is available for thrust; or, each region must have
associated with 1t a frozen-flow efficiency, since the frozen-flow efficiency is
defined as the ratioc of the power available for thrust to the totzl power in the
propellant. Thus, the power available for thrust in the nonuniform-flow case is

given by

PA = WlﬂF’ lHl + WZnF, 2H2 (i)

where

The frozen-flow efficiency for each region is determined by the enthalpy
(Hl or HZ) and pressure. For the one-dimensional or uniform flow, the power

available for thrust is given by

N



(Pa)
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U= T""VT]F,g.gangas = nF,gangas (

where is determined by the uniform enthalpy H and the pressure.

Mo ne a.s

F,gas g

It is apparent from a comparison of equations (4) and (5) thet, in general,
Py # (Pplye

A convenient basis for comparing the uniform with the nonuniform case may
be ectablished by cxpressing equation (4) in terms of an effective frozen-flow
efficiency and the gas enthalpy so as to have a form simllar to equation (5).
In terms of an effective frozen-flow efficiency, equation (4) becomes

PA - WT]F,eff‘Hgas (€)
where
wy Hy o Hp
Mpere " M1 T E_- ¢ r,2 o T (7)
’ >t W Ygas 25V gas

Thus, the effective frozen-flow efficiency is a function of the respective
frozen-flow efficiencies np 4 and Ny o but, in addition, it wvaries with the
* 2

fraction of the total gas power in the profile regions 1 and 2. From equations
(2) and (7), the effective frozen-flow efficiency may also be expressed as

1 =1 - (e = Mg L) i (3)
F,eff F,1 F,1 F,2" Poog
where
Pr vy Hp
Pgas W Hgas

Equations (1), (2), and (3) yield the following expression for Hz/Hgas in
terms of 'Frg/ir and Hw/Hgas:

fi B
gas W
L+

Sufficient equations are now available to evaluate the effect of a nonuniform
flow on engine performance.

When a nonuniform veloecity profile exists, the effective jet power (the
power that defines the overall effieiency 7n = PJ,eff/Pgas) may be less than the
powver available for thrust as defined by equation (4) or (C). This may be sub-
ctantiated by consideration of the following derivation. The effective jet
pover 1is given by



2
F eff
P . -
J,eff = 57r T TES (10)
where

F, + F W W

1 2 1 2
Terf = ——== —= I + — I (11)

W W W

For any frozen flow,
= 9. 2
I 33 j/nFH (12)
Consequently, from equation (4), the power available for thrust becomes

. O . o2
wiIl + w2I2

- )
The ratio of these powers is
.22 . 2.2
Py ers 1l AT, i (14)
17 PPTE 4 T2 4 12\ + w1l
171 1271 2 272

This ratio is less than unity because

(Ip - 1) =15 + 15 - 21,1, > 0

or

IZ

[ o
> + Il > L‘IlIZ

It is to be noted, however, that, if the flow is uniform (Il = IZ)’ this ratio

is equal to 1, and there is no power loss.

This inefficiency in power conversion is usually not large but must be con-
gidered iIn determining an oversll efficiency. Thus, the overall efficiency for
the nonuniform-flow case may be expressed as

P P
A Jzeff

= = 15
LI T 7, efMp (18)

where Mp is a power-utilization efficiency defined as
- Prefrr Iire (16)

F T 87”F,efngas

w



For the case of a uniform frozen flow, the overall efficiency is simply the
frozen-flow efficiency; consequently, the ratio of efficlencies (nonuniform to
uniform) is given by

o
. _ Ferfip (Ieff> (17)
nu MFr, gas Iy
wh = 9,3 i i i .
ere Iy 3 nF,gangas and Igpr is defined by equation (11). The
ratio of the nonuniform to uniform specific impulse is simply given by
I wo\ I wo I
eff:(l-.ﬁ)_h._z.z (12)
IU o IU 3 IU

This ratio will be used as the performance figure of merit in comparing a non-
uniform flow with a uniform flow.

CALCULATION PROCEDURE

The effect of a nonuniform enthalpy profile on engine performance may now

be found by specifying the following parameters: gas enthalpy Hgas’ wall en-

thalpy H,, and fraction of the total propellant flow rate in the high enthalpy
or core region %2/&. In addition, it is specified that both flow cases (uni-
form and nonuniform) have the same stagnation pressure and total propellant flow
rate.

With the specified parameters, the core enthalpy H, is obtained from
equation (9). (This, in turn, makes 1t possible to find the fraction of the
total power in the core region PZ/Pgas') Next, the enthalpy of the outer an-
nular region Hy 1is found from equation (1). With Hy and Hp determined,
the frozen-flow efficiencies (nF,l and nF,Z) for both regions may be obtained

from figure 1. The data of reference O have been used to obtaln figure 1. Suf-
ficient information 1s now available to calculate the effective specific im-
pulse. The effective frozen-flow efficiency is obtained from equation (7) and
the effective specific impulse from equation (11). The uniform-frozen-flow ef-

ficiency nF,gas is determined from filgure L at Hgas‘ Finally, the specific-

impulsc ratio may be calculated from equation (18).

By the procedure just outlined and with the assumptions and relations de-
ceribed in the previous sections, the effect of a nonuniform enthalpy profile on
frozen-flow engine performance has been computed for the desired conbination of

verigblee., The following values and ranges of variables have been used:

Propellant . . « v v o« o« e e e e e e e e e e e e e e e e . Hydrogen
Uniform gas enthalpy, Hgas,U’ calfg v v o e e . - .- 12,000 to 120,000
Uniform specific impulce, Iy, €ec o o v o v v v v o 0 o - 1000, 1500, and 2000
Stagnation pressure, Ppp, abtm . . .. oo e e e e e e e e e 0.01, 1, and 100
all temperature, T, OK o v & & v v« o« o 4« o o o+ o+« .« . 500 and 2000

6



These parameters are typical of those to be cxupected for electrothormsl
vropulsion devices. The wall temperatures chosen chould approximate thoce ob-
tained [or liguid-cooled engines (£00° X) and rediation-cooled cnginec (20007 K).

RESUTTS AND DISCUSSION

The results to be presented deccribe the effects of a nonuniform enthalpy
profile on the frozen-fiow performance of an clectrothermal engine utilicing
hydirogen for a propellant. In addition to the assumptlon concerning the shape of
the profile, it is also assumed that the fiow ie frozen at stagnation conditions
and that thisc reprecents the only power logs. Other losscs, such ac those duc
to heat transfer and expansion, have not been considered. Tor this reason, ab-
solute values of gpecific impulse calculated by the method presented herein
chould be opbimistic. The ratio of the nonuniform to uniferm specifiic impulse
that is presented, however, should be relatively unaffected by these additional
losses.

Hydrogen Frozen-Flow Efficiencies

Frozen-flow efficiencies for hydrogen are presented in figure 1 Tor pres-
cures of 0.01, 1, and 100 atmospheres and for gas enthalpies as high as 2%10"
calories per gram. The thermodynamic data of reference & were used to obtain
these curves.

The shape of the curves may be explained acs follows: as the gas enthalpy
is increased, the frozen-flowv efficiency initially decreases because of the dic-
gociation of hydrogen molecules. Ag the gas enthalpy i1s increased further, the
frozen-flow efficiency continues to decrease until the first minimum in the
curve is reached. This point correcponds to almost complete dissociation. Any
ecnergy that is subsequently added to the gas 1s almost entirely absorbed by the
thermal degrees of ITreedom of the hydrogen atoms so that the frozen-flow ef-
ficiency increasec. A point is reached, however, at higher enthalpy, where ioni-
ration of the atoms starts. This point ic near the first maximum in the curve,
With cufficient ionization, the frozen-flow efficiency beginc to decrecase, cince
energy is being invected in the ionization process. Finally, the lonlzation
procecs ls complete, near the cecond minimum in the curve, and the frozen-flov
efficiency again increases with inereasing gas enthalpy.

The effect ol precsure on Trozen-iflow efficiency is straightforward. The
efficicncy increases ac the precgsure increases because both dissoclation and
ionization are less at higher prescures.

Iiffect of Nonuniform Flow

The effect of a nonuniform cnthalpy profile on engine specific impulse is
presented in figure 2 for prescures of 0.01, 1, and 100 atmospheres and wall
temperatures of £00Y and 5000° K.  The former wall temperature is representative
of values for a liquid-cooled engine, whereas the latter temperature is typical



oi values for a radiation-cooled engine. The reference uniform specific impulses
that are used to cctablish a gas enthalpy level are 1000, 1500, and 2000 seconds.

For a uniform specific impulse of 1000 seconds, the change in specific im-
pulse duc to a nonuniform enthalpy profile at all three pressures 1s limited to
about Z mercent and the change in overall efficiency to sbout 5 percent
(eq. (17)). This deviation from the uniform-flow case is inconsequential. The
profile effect is mildly helpful at the lowest pressure considered, 0.01
atmosphere. For pressures of 1 and 100 atmospheres, specific impulse decreases
clightly below that to be expected for a uniform profile. Curves for a wall
temperature of Z000° K are not presented for I, = 1000 seconds because the en-
thalpy associated with this temperature leve’ i higher than that associated
with a uniform specific impulse of 1000 seconds.

At & uniform specific impulse of 1500 and 2000 seconds, the profile effect
is significant for certain conditions. For example, at I = 1500 seconds and
P = 1 atmosphere, the incrcase in specific impulse due to a nonuniform profile
can be as large as 9 percent when the fraction of the total flow in the hot core
iz large. The overall efficiency can be as much as 19 percent higher at this
condition. It should be observed, however, that the profile effect is different
at other pressures. This behavior results from the nature of the hydrogen
frozen-flow efficiency curves (fig. 1) and the variation of the two enthalpies
I; and H, with Hgas‘ Note that at the lowest pressure a nonuniform profile

may be helpful or harmful to engine performance, depending on the fraction of
the total gas flow in the core region %2/%. A simllar behavior may be cbserved
Tor IU = 2000 seconds and Py = 100 atmospheres.

In general, an increase in the wall temperature causes the specific impulse
ratio to approach 1, that is, to approach the uniform-flow case. The effect of
a change in wall temperature on Ieff/IU is small, about 1 percent, except for
a stagnation pressure of 0.0l atmosphere. At a pressure of 0.01 atmosphere the
change in the specific-impulse ratio produced by an increase in the wall tempera-
ture is at most of the order of 5 percent.

Special Nonuniform Enthalpy Profile

A special case of interest ig that for which H; = H,. The corresponding
enthalpy profile is shown in sketch (c). This case may be typical of the

v}




situation in which the engine has just been started at a cold temperature
(T, & 500° X). The results for this special case are presented in figure 3 for
a pressure o 1 atmosphere.

For a uniform specific impulse of 1000 seconds, the profile effect decreases
the thrustor performance considerably below that expected for a uniform flow. TIn
fact, Tor %,/% = 0.10, the specific impulce iz lovered by over 40 percent, =nd
the overall cngine efTiciency is about one-third of that expected for a uniform
flow. The effect 1g generally detrimontal vt all impulses, although there is =
sm7ll region of helpful oifects for o specilic impulsc of 1500 seconds at
s [t > 0.€0.

CONCLUDING REMARKS

A model for a nonuniform enthalpy profile has been vroposed based on experi-
mental observationc. TIts effects on thrustor efficiency and specific impulse
have becn determined for ctagnation pressurcs of 0.01, 1, and 100 atmospheres,
uniform specific dmpulses of 1000, 1500, and 2000 ceconds, and wall temperatures
of 500° and 2000° K. These operating condilions encompass most electrothermal-
engine operatinge conditions of precent day interest.

The effects of the nonuniform prcfile on specific impulse were at most of
the order of 10 percent (except Tor simulated starting conditions), and the ef-
fect was elther helpful or detrimental to engine pcrformance depending on the
specific operating conditions. 1In general, an increase in the wall temverature
caused the specific immulse to approach that for a uniform flow.

One specific type of nonuniform enthalpy profile was also considered, the
case where Hy &~ I, which may represent the startup of a cold electrothermsl
engine. The effect on specific impulse of this nonuniformity was generally
detrimental, and the magnitude of the effect can be quite large.

Lewis Research Center
Naticnal Aeronautics and Space Administration
Cleveland, Chio, March ¢, 19C3
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Ratio effective to uniform specific impulse, Ieff/IU
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(c-1) Uniform specific impulse, 1000 seconds; uniform
enthalpy, 12x10%5 calories per gram.
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(c-2) Uniform specific impulse, 1500 seconds; uniform
enthalpy, 53.3x103 calories per gram.
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Fraction of total propellant rate in core region, WZ/W

(c-3) Uniform specific impulse, 2000 seconds; uniform
enthalpy, 97x10° calories ver gram.

(c) Pressure, 100 atmospheres.

Figure 2. - Concluded. Effect of nonuniform flow on specific
impulse.
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Ratio of effective to uniform specific impulse, I_.o/Ty
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(a) Uniform specific impulse, 1000 seconds; uni-
form enthalpy, 15.3%x10° caloriles per gram.

—
[

{b) Uniform specific impulse, 1500 seconds; uni-
form enthalpy, 76x103 calories per granm.
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Fraction of total propellant rate in
core region, WE/W

{(¢) Uniform specific impulse, 2000 seccnds; uni-
form enthalpy, 101x10° calories per gram.

Figure 3. - Effect of nonuniform flow on spe-
cific impulse when annular-region and
engine-wall enthalplies are equal. Pressure,
1 atmosphere; wall temperature, 500° K.
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